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Abstract

In this paper we consider the performance of different network admission control
(NAC) methods. In contrast to link admission control (LAC), they limit the traffic within a
network by distributed protocols. We introduce four basic budget based NAC approaches
such that most resource management schemes can be classified by them from a perfor-
mance point of view. Since they have different complexity and efficiency, we compare
their resource utilization in different networking scenarios. Our results show that the
performance is rather independent of the traffic matrix for realistic scenarios while the
routing protocol — single- or multi-path routing — has a significant impact on the resource
efficiency of the IB/EB NAC, ILB NAC, and ILB/ELB NAC. Thus, our investigation helps
to understand the performance implications of different resource allocation protocols and
eases the design of efficient next generation QoS networks.

Keywords: QoS,AdmissionControl,Resourcéllocation, Performancévaluation

1 Introduction

The next generatiorof the Internetis expectedto fully integrateall kinds of dataand media
communications.In contrastto today's telephonenetwork, dataconnectionshave variable
bitratesandthe managementf the individual nodesshouldbe simpler And in contrastto
today’s Internet,real-timemultimediaapplicationsxpectmechanismsor increaseduality
of Service(QoS). This implies that future networks needa limitation of traf®c load [1] to
meetthe paclet lossanddelayrequirementsThis functionis calledadmissiorcontrol (AC).
High quality transmissions guaranteeat the expenseof controlandmanagemengffort and
blocked resenation requestsn overloadsituations. To realizea low borderto-border(b2b)
o w blockingprobabilityin transitnetworks, the networks areprovidedwith suf®cienttrans-
port capacitywhich causegostsfor the network provider. Therefore AC mechanismshould

This work wasfundedby the Bundesministeriunfilar Bildung und Forschungof the FederaRepublicof Ger
mary (Ferderkennzeicher®1AK045) and SiemensAG, Munich. The authorsaloneareresponsibléfor the
contentof thepaper



be ef®cient but still simple. For reasonf robustnessthey shouldnot induceinformation
statedgnsidethe network.

Link admissiorcontrol (LAC) limits thetransportedraf®c on asinglelink to avoid viola-
tions of the QoSrequirementsNetworkadmissioncontrol (NAC) is requiredwhendataare
transportedver severalhopsthrougha network insteadjust over a singlelink. This may be
doneby applyingLAC onalink-by-link basisbut thisimpliesAC statesn thecore.However,
it is desirableto controlthe loadinsidethe network only at the borderroutersby performing
AC basednresourcébudgetsthatareprereseredfor certaintraf®c aggreates.In this work
we identify four differentNAC methodghatrevealdifferentresourcautilization andthatcate-
gorizemostof today'simplementedandinvestigatedAC approacheNAC maybebasedn
link budgetgLB), whichis the corventionallink-by-link NAC, oningressandegressbudgets
(IB/EB), which is anideaknown from the DiffServ contet, on b2b budgets(BBB), which
correspondo virtual tunnels,and on ingressand egresslink budgets(ILB/ELB) which is a
new conceptWe explain how budgetandlink capacitiesanbe dimensionedor thedifferent
NAC approachebasedon a trai®c matrix, a desiredb2b o w blocking probability, andthe
routing.

The abore mentionedNAC approachesnd their protocolshave different bene®tsand
drawvbacks.Theimplementatiorcompleity canbe shavn by runningcodelike it is practice
in the IETF. The resourceef®cieng/ of NAC methodscan be evaluatedby performancen-
vestigations.We brie y review our NAC performanceevaluationframework [2], wherethe
achievableresourceutilization is the performanceneasurdor NAC methodsandapplyit to
the threebasicconcepts.Our analysisshowvs that the NAC methodsdifferentiateclearly in
resourceef®ciency, which dependanostly on the offeredload in the network. Our results
reveal that the performancas ratherindependenof the traf®c matrix for realistic scenarios
while therouting protocol+ single-or multi-path(SP/MP)routing + hasa signi®cantimpact
ontheresourcesf®cieng of thelB/EB NAC, ILB NAC, andILB/ELB NAC. Henceourstudy
givesinput for the designof future NAC protocolssincethe resourceutilization dependn
the networking scenatrio.

The paperis structuredas follows. Section2 gives an overvien of four basicbudget
basedNAC catayories. Section3 explains how suitablebudgetand link capacitiescan be
dimensionedSection4 presentshe performanceomparisorof the NAC methods Section5
summarizeshis work andgivesanoutlookon furtherresearch.

2 Methods for Network Admission Control (NAC)

In this sectionwe distinguishbetweenink andnetwork admissioncontrol and explain four
basicallydifferentNAC concepts.

2.1 Link and Network Admission Control

QoScriteriaareusuallyformulatedin a probabilisticway; i.e., the pacletlossprobabilityand
the probabilitythatthe transportdelayof a paclet exceedsa givendelaybudgetmustbothbe
lowerthancertainthresholdsLink admissiorcontrol (LA C) takesthequeuingcharacteristics



of thetrai®c into accountanddeterminegherequiredbandwidthto carry o ws overasingle
link without QoSviolations. This includestwo differentaspectsFirst, burstytraf®c requires
morebandwidthfor transmissiorthanits meanrateto keepthe queuingdelaylow which can
bepredictedby queuingformulae[3]. Secondly o wsusuallyindicatealargermeanratethan
requiredjust to make surethatthereis enoughbandwidthavailablewhenneeded.This leads
to overbookingby the provider or to emplgying measuremerttasedAC (MBAC), which can
alsotake adwantageof this fact[4, 5]. LAC takesall this into accountandworks, e.g.,on
the o w peakratesor their effective bandwidthif the bandwidthis large enough[6]. LAC
recordsthe demandof the admitted o ws in place. Whena nev ow arrives, it
checkswhetherits effective bandwidthtogethemwith the demandof alreadyestablishedo ws
®ts within a capacitybudget.If so,the o w is acceptedptherwiseit is rejected.

Network admissiorcontrol(NAC) triesto avoid congestioronaall links of thenetwork and
notjustonasinglelink. Thisis adistributedproblemwith varioussolutionsdifferingin their
degreeof storageandprocessinglemands|ocality andachiezable multiplexing gain dueto
the partitioningof resourcesnto budgetsadministeredn differentlocations.Moreover, their
ef®cieng differs,i.e. they requiredifferentnetwork capacityto meetthe sameb2b blocking
probability which affectsthe network operators costs. Ususally NAC andLAC canbe
combined,.e. a o w'srequiredcapacity ! may consistof an effective bandwidthto take
someoverbookingin the presencef largetraf®c aggreatesnto account.

2.2 Link Budget Based Network Admission Control (LB NAC)

Thelink-by-link NAC is probablythe mostintuitive NAC approach.Thecapacity of each
link in the network is managedy a singlelink budget (with size ) thatmay
be administerede.g., at the ingressrouterof thatlink or in a centralizeddatabase A new
ow with ingressroutef , egressrouter , andbitrate mustpassthe AC
procedurdor the LBs of all links thataretraversedn thenetwork by (cf. Figurel). The
NAC procedurewill besuccessfuif thefollowing inequalityholds

(1)

Therearemary systemsand protocolsworking accordingto that principle. The connection
AC in ATM [7] andthe IntegratedServiceq8] architecturan IP technologyadoptit in pure
form andinduceper o w resenation statesn the core. Otherprotocolsreveal the samebe-
havior althoughthe mechanisms not implementedas an explicit LB NAC. A bandwidth
broker[9, 10,11]administershebudgetsn acentraldatabasevhichrepresentasinglepoint
of failure but behaesthe sameway from the performancepoint of view. The statelesore

We borrow partsof our notationfrom the object-orientegrogrammingstyle: denotesa property of an
object . We prefer  tothecorventional sincethisis hardto readif thenameof is comple.

2A networking scenario is given by a setof routers andsetof links . The b2b traf®c
aggreyatewith ingressouter andegressouter is denotedoy , thesetof all b2btraf®c aggreyates
is . Thefunction with and re ectstheroutingandit is ableto coverbothsingle-
andmulti-pathrouting by indicatingthe percentagef thetraf®c rate usinglink .



approachefl2, 13, 14] avoid resenationstatedn the coreatthe expenseof measurementsr
increasedesponseime. Reserationstatesn the core,measurement®yr increasedesponse
timesareadravbackif network resiliences required.Thefollowing two basicNAC methods
managdhenetwork capacityin adistributedway, i.e. all budgetsrelatedto a o w canbecon-
sultedat its ingressor its egressborderrouter In afailure scenariopnly fastlocal rerouting
of thetraf®c is requiredandthe QoSis maintainedf suf®cientbackupcapacityis available.
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Figurel: Network admissiorcontrolbasedn link budgets.

2.3 Ingress and Egress Budget Based Network Admission Control (IB/EB NAC)

TheB/EB NAC de®nedfor every ingressnode aningressbudget andfor every
egressnode anegresshudget thatmustnotbeexceededA new ow
mustpassthe AC procedurdor and andit is only admittedif bothrequestare
successfulcf. Figure2). Hence thefollowing inequalitiesmusthold

(2)
3)

Flows areadmittedat theingressandthe egressrrespectve of their egressor ingressrouters.

This entailsthatthe capacitymanagedy an  or canbeusedin avery e xible manner

However, all £ alsopathologicalt traf®c patternghatareadmissibleby thelBs andEBs must
becarriedby thenetwork with therequiredQoS.Thereforegnoughcapacitymustbeallocated
onthenetwork links.



If we leave the EBs aside,we getthe simpleIB NAC, soonly Equation(2) mustbe met
for the AC procedure.This ideaoriginatesfrom the DiffServ context [15, 16] wheretraf®c
is admittedonly attheingressrouterswithoutlooking at the destinatioraddres®f the o ws.
The QoSshouldbe guaranteedby a suf®ciently low utilization of the network resourcedy
high quality traf®c. To avoid ary confusion: DiffServis a mechanisnfor the forwarding
differentiationof differently labelledpacletswhile the IB NAC is just one conceptamong
mary othersfor the managemenf network resourcesvithin thatcontext.
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Figure2: Network admissiorcontrolbasedn ingressandegresshudgets.

2.4 B2B Budget Based Network Admission Control (BBB NAC)
TheTB NAC is ableto excludepathologicatraf®c patterndoy takingboththeingressandthe

egressborderrouterof a ow into accountfor the AC procedurej.e. a b2bbudget
manageghe capacityof a virtual tunnelbetween and . Figure3 illustrates
thatanev ow passe®nly the AC procedurdor . It is admittedif this

requests successfuli.e. if thefollowing inequalityholds

(4)

The may be controlled,e.g.,attheingressrouter or atthe egressrouter |, i.e.
the BBB NAC alsoavoids stategnsidethe network. The capacityof atunnelis boundby the
BBB to onespeci®cb2b aggrgateandcannot be usedfor othertraf®c with differentsource
or destination.Hence,thereis no e xibility for resourceutilization. Therefore the concept
is oftenrealizedin amore e xible manney suchthatthe sizeof the BBBs canberearranged
[17,18]. Tunnelsmayalsobeusedhierarchically[19]. Thetunnelcapacitymay besignaled



usingexplicit resenationstatesn thenetwork [20, 21], only in logical entitieslik e bandwidth
brokers[10], or it maybeassignedy a centralentity [22].

Admission
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-

Figure3: TheBBB NAC correspond$o alogical tunnel.

2.5 Ingress Link Budget and Egress Link Budget Based Network Admission Control
(ILB/ELB NAC)

The ILB/ELB NAC de®nesingresslink budgets(ILBSs) and egresslink budgets

(ELBS) to managethe capacityof each . They areadministeredby border

routers and |, i.e. thelink capacityis partitionedamong borderrouters. In case

of single-pathlP routing, the links constitutea sourcetreeandthe links
form a sink tree(cf. Figure4). A new ow mustpassthe AC

procedurdor the and of all links thataretraversedn thenetwork by

(cf. Figure4). TheNAC procedurewill besuccessfuif thefollowing inequalitiesareful®lled

and (5)

(6)

Thereareseveral signi®cantdifferencego the BBB NAC. A BBB coversonly anaggreate
of o ws with the samesourceand destinationwhile the ILBs (ELBs) cover o ws with the
samesource(destination)ut differentdestinationgsources).Therefore the ILB/ELB NAC



is more e xible thanthe BBB NAC. The BBB NAC is simplerto implementbecausenly
one Is checled while with ILB/ELB NAC, the numberof budgetsto be checled
is twice the o w pathlengthsbut only in two differentlocations.Lik e with the IB/EB NAC,

thereis the optionto useonly ILBs or ELBs by applyingonly Equation(5) or Equation(6).

Theconcepof ILB/ELB or ILB NAC canbeviewedaslocal bandwidthbrokersatthe border
routers,disposingover a fraction of the network capacity Theseconceptsarenew andhave
notyet beenimplementedy ary resourcananagemenprotocol. The pathof the sessionsn

BGRP[23] matchesalsoasinktreebut BGRPworkslikethe LB NAC onits entities.

—— Source tree
Decision Sinktree

Figure4: Network admissiorcontrolbasedn ingressandegresdink budgets.

3 Capacity Dimensioning for Budgets and Links

AC guaranteeQoSfor admitted o ws at the expenseof o w blockingif the budgetcapacity
is exhausted. Sincethis appliesto all budgetsmentionedbefore,we abstractfrom special
budgetsto a generalonedenotedby . To keepthe blocking probability small, the capacity

of abudget mustbedimensionedarge enough.First, we considerbudgetdimensioning
in general. Then, we explain how NAC speci®chudgetandlink capacitiesare calculated.
Finally, we de®nea performanceneasurdor thecomparisorof NAC methods.

3.1 Capacity Dimensioning

We review a generalapproachfor capacitydimensioningand derive the requiredblocking
probabilities.



3.1.1 Capacity Dimensioning for a Single Budget

Capacitydimensionings afunctioncalculatingthe requiredbandwidthfor giventraf®c char
acteristicsand a desiredblocking probability. The speci®cimplementationof that function
dependson the underlyingtraf®c model. We assumea Poissonrmodellike in the telephone
world. However, in a multi-serviceworld, e.g. the future Internet,the requestpro®le will

be multi-rate,sowe take  differentrequestypes , with a bitrate anda
probability into account.In our studieswe assume simpli®ed multimediareal-time
communicatiorscenariowith : Kbit/s, Kbit/s, and

Kbit/s, anda meanbitrate of Kbit/s. The offeredload

is the meannumberof active o ws, providedthatno o w blocking occurs. Givenan , the
respectire offeredloadperrequestypeis . Weassumehattherequestsarrive

accordingto a Poissorprocessaandhave a generallydistributedholding time. Thereforewe
canusetherecursve solutionby KaufmanandRobertq 3] for thecomputatiorof theblocking
probabilities  of requestypes if acertaincapacity is provided. We useEquation(7) to
relatethe blockingprobability to thetraf®c volumeinsteadto the numberof o ws.

(7)

An adaptatiorof the KaufmanandRobertsalgorithmyieldstherequiredcapacityfor adesired
blockingprobability . After all, we cancomputeherequiredoudgetcapacity if theoffered
load andthedesiredoudgetblockingprobability s given.

3.1.2 From B2B Blocking Probabilities to Budget Blocking Probabilities

Budgetsizesaredimensionedisinga desiredoudgetblocking probability . The set
consistof the budgetswhosecapacityneeddo bechecledif a o w of thetraf®c aggreate
asksfor admission.Theb2bblocking probabilityassociateavith this aggrgate isthen

(8)

undertheassumptiorthatthe  areindependenof eachother Sincetheblockingprobabili-
tiesof differentbudgetsendto be positively correlatedf the network is well provisioned the
computatiorof accordingto Equation(8) is ratherconsenrative.

In [2] we have proposedhreedifferentmethoddor settingthe budgetblocking probabil-
ities  to achive adesiredb2b o w blockingprobability . They have hardly arny effect
on the NAC performancetherefore we stick with the simpleapproachthatall ~ areequal
for all budgets . We denoteby the maximumnumberof budgetsto be checled
for ary o w controlledby . Thentherequired is determinedy

(9)



3.2 Resource Allocation for Budget Based NAC Methods

For apossibletraf®c patterh thefollowing formulaehold

(10)

If NAC is appliedin the network, eachtraf®c pattern  satis®eghe constraintsde®nedby
the NAC budgets. Theseconstraintdeadto linear equationstoo, servingassideconditions
for theworstcasescenaridn termsof ratemaximizationonalink :

(11)

Thisis usedto determinethe minimumrequiredcapacity of thatlink. Sincetheaggregate
rateshave real values,the maximizationcanbe performedby the Simplex algorithm[24] in
polynomialtime. However, for someNACSs thereare more ef®cient solutionsthat we will
pointoutin thefollowing.

3.21 LBNAC
The LB NAC requiresthattransit o ws needto checka budget for every link of its
pathfor admissionhencethe maximumnumberof passedNAC budgetss

(12)
whereby is themaximumlengthof the pathsfrom to thatcontain . The
budget coversall o wstraversinglink . Hence,ts expectedofferedloadis

(13)
Accordingto Equation(1)

(14)
mustbeful®lled, sotheminimumcapacity of link is constrainedy

(15)

SWe denotethe offered load for a b2b aggreate by . The resulting matrix
is the traf®c matrix. In contrastthe currentrequestedate of an aggreyateis
andthe matrix describesninstantaneousaf®c pattern.



3.2.2 IB/EB NAC

With the IB/EB NAC, a o w is admittedby checkingboththeingressandthe egressbudget,
hence we get . ThelB/EB NAC subsumesll o ws with thesame
ingressrouter under andall o wswith the sameegressrouter under . The
offeredload of therespectre budgetss

and (16)
17)

Herewe usetheinequalitiesfrom Equation(2) andEquation(3) assideconditionsin Simplex
methodfor the computatiorof the capacity

and (18)
(19)
In caseof themerelB NAC, . ThelBs arecomputedn thesameway lik e above,

however, thereis a computationakhortcutto the Simplex methodfor the calculationof the
requiredlink capacity

(20)
3.2.3 BBB NAC
With the BBB NAC, only one budgetis checled, therefore, . The BBB
NAC subsumesinder all ows with ingressrouter andegressrouter . The
offeredloadfor is simply

(21)
SinceEquation(4) is checledfor admission

(22)
mustbeful®lled andtheminimumcapacity of link is constrainedy

(23)

10



3.2.4 ILB/ELB NAC

ThelLB/ELB NAC requireghattransit o ws needto askfor admissiorfor every link aswith
theLB NAC. Thereforewe set

and (24)

(25)

ThelLB/ELB NAC subsumesll o wswith thesameingressrouter onthelink underthe

andall o wswith the sameegressrouter under . Theofferedload for
thebudgetss

and (26)

(27)

Dueto Equation(5) andEquation(6), the sideconditions

and (28)
(29)

mustberespecteavhich constrainghe minimumcapacity by
(30)

In caseof themerelLB NAC, we have instead

and (31)

(32)

3.3 Performance Measure for NAC Comparison

We computethe requiredlink capacitiesfor all NAC methodsaccordingto the equations
above. Therequirednetwork capacity is the sumof all link capacitiesn the network.

Theoveralltransmittedraf®c rate is thesumof theofferedloadof all b2baggreates
weightedby theiraveragepathlengths , theiracceptancprobability
, andthemeanrequestate . We canngglectthefactthatrequestsvith alargerrate

11



have a higherblocking probabilitydueto the constructionn Equation(7).

(33)

(34)

— (35)

Theoverallresourcautilization is thefractionof thetransmittedrai®c rateandtheover
all network capacity We useit in the next sectionasthe performanceneasurdor the perfor
mancecomparisorof NAC methods.

4 Performance Comparison of NAC Approaches

In this section,we comparethe performanceof the presentedasicNAC approachesFirst,
we illustrate the capacityrequirementsand the resourceutilization on a singlelink. Then
we comparehe performancef the NAC methodsdependingon the offeredload andtestits
sensitvity to thetraf®c matrix andtherouting.

4.1 Economy of Scale lllustrated on a Single Link

Economyof scaleor multiplexing gainis thekey for understandinghe performancéoehaior
of NAC approachesind canbe bestillustratedon a singlelink. In [2] we have shown that
the b2b blocking probability hasa minor impacton the requiredcapacityandthe resource
utilization comparedo thein uence of the offeredload. We setit in all our studiesto

Figure 5 shaws that both the requiredlink capacityandthe resourceutilization depend
heavily on the offeredlink load . The resourceutilization increasesirasticallyup to an
offeredload of Erlang. Thentherequiredliink capacityrisesalmostlinearly with
the offeredlink load. Thefactthatresourcesanbe usedmoreeconomicallyat large scaleis
calledeconomyof scale.

4.2 Influence of the Offered Load

To studythe impactof the offeredload on the NAC performanceye take the testnetwork
depictedn Figure6. Itstopologyis basednthe UUNET in 1994[25] wherenodesconnected

by only oneor two links weresuccessiely removed. Finally, thenetwork has routers,
bidirectionallinks, andanaveragepathlengthof 2.15hops.
The overall offered load in the network is . We usethe

averageb2bload to scaletheoverallload . We constructhetraf®c matrix

12
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Figure5: Impactof offeredloadonrequiredink capacityandresourceutilization onasingle
link.

in termsof offeredload  proportionallyto thecity sizes which aregivenin Figure7

for
(36)
for

Figure8 shavstheresourcautilization dependingntheofferedb2bload for all NAC
methods.The LB NAC usesthe network resourcesnostef®ciently. A budget controls
a maximumpossibleamountof traf®c on link andtakesmostadvantagefrom economyof
scale. The ILB/ELB, ILB, andBBB NAC arelessef®cient becauseahe sameofferedload

is partitionedamongup to budgetsin caseof ILB NAC or
differentbudgetan caseof BBB NAC. Thisyieldsaworseutilization of thebudget
capacitieglueto reducedeconomyof scaleandleadsto morerequiredbandwidth.However,
for suf®ciently high offeredload, theutilization of all theseNAC methodgendstowards100%.
ThelLB/ELB NAC isanew conceptandit is notyetimplementedn ary standardizegrotocol
or system.It doesnot induceary informationstatesin the network but achiezes 16 percent
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Figure6: Topologyof thetestnetwork.

pointsmoreresourceutilizationthantheBBB NAC for aloadof Erlang.Therefore,
it is agoodapproximatiorof the statefulLB NAC in our testnetwork.

SomeNACsarenot ableto excludeunlikely traf®c patternswhich force to allocatehigh
link capacitiesto an extent that reducesthe achiezable resourceutilization to 30% for the
IB/EB NAC andto 10%for thelB NAC. Hence the B NAC hastheworstperformanceand
our IB/EB NAC achieresathreetimeslargerresourcautilization by applyingthelimitation of
thetraf®c volumein asymmetricway.

We have shawvn that the presentedesultsdependon the network topology[26] but also
thatthe trendremainghe sameunderchangedopologicalconditions.

4.3 Influence of the Traffic Matrix

We studytheimpactof a skewedtraf®c matrix in our testnetwork. We achiese thatby modi-
fying thecity population by anexponentialextrapolation

- (37)

where™ is the meanpopulationof all borderrouterareas.The value is determinedby
, Le. — . Accordingto that construction the traf®c matrix for

the original population and arethe same.If a city is larger thanthe averagecity
size™, it is scaledup for a positive valueof andit is scaleddown by a negative valueof .
The coef®dcientof variationof thecity sizes givenin Tablel characterizethe

variationof thecity sizesdueto extrapolation.

14



Name(v) | p()[10] | Name(y) |p(v)[107
Atlanta 4112 Los Angeles 9519
Boston 3407 Miami 2253
Buffalo 1170 New Orleans 1338
Chicago 8273 New York 9314
Cleveland 2250 Orlando 1645
Dallas 3519 Phoenix 3252
Denver 2109 San Francisco 1731
Houston 4177 Seattle 2414
Kansas 1776 Toronto 4680
Las Vegas 1536 Washington 4923

Figure7: Populationof thecitiesandtheir surroundings.

Tablel: Propertieof extrapolatectity sizes.

-3 -2 -1 0 1 2 3
7.88| 262078 0 |0.69]|202|5.29
avg. pathlength| 2.91| 2.68 | 2.43| 2.15|1.91| 1.77| 1.72

We obsenrethatthe averageof the pathlengthsweightedby thetransportedraf®c volume
decreasewith increasingvaluesof . To understandhe effect of the -extrapolationon the
averagepathlength,we considerthe two largestcities Los AngelesandNew York. For
all cities have the samesize andall arethe same,i.e. the overall offered
load is well distributed over the entire network. For increasing, the city sizesfor LA
andNY go up andincreasehe offeredload betweenthemby Equation(36). For extremely
large this traf®c volumeis the major traf®c in the network andits pathlengthdominates
the average.Networks are usuallydesignedhat cities with large trai®c volumesareclosely
connectec&amongeachother(e.g.Chicago)to keepthe averagepathlengthshort. This causes
that this explanationtakes alreadyeffect for small . For negative valuesof , we getthe
contraryphenomenomecausehe small cities (with respectto ) producethenmosttraf®c.
They havelongeraveragepathlengthswhichimpactstheoverallaveragepathlengthweighted
by thetrai®c volume.

Figure9 shavstherequirednetwork capacitydependingnthetrai®c matrix extrapolation
parameter for . Theincreasedveragepathlengthweightedby the traf®c volume
hasasigni®cantimpactontherequiredcapacity However, thisbehaior is only clearlyvisible

15
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Figure8: Impactof offeredload on theresourceautilization.

for the LB NAC. The other NAC methodsneedmore bandwidthfor homogeneousraf®c

matrices.For , thecity sizesbecomeamorevariable,andsodoesthe offeredload of the

traf®c aggrgatesbetweenthem. Sincemostof thetraf®c is shiftedby the extrapolationinto
largertraf®c aggregatesthisyieldson averagdargerbudgetdor all NAC methodswhich can
bedimensionednoreef®ciently. Thisleadsto lessrequiredcapacityfor large absolutevalues
of . Figurel10 underpinghis reasoningoy shaving a larger resourceutilization for larger

absolutevaluesof .

The B NAC is anexception. The budgetsize mustbe allocatedon all links of a
routingtreein caseof SProuting,i.e. exactly times. For MP routingthisis similar.
So, dependsnly on andnot on the averagepathlength. Since

takesthe averagepathlengthinto account(cf. Equation(34)), theaverageresourcauitilization
decreasesvhenthe averagepath lengthis increasedoy accordingto Equation(35). We
try to blind out the in uence of the economyof scaleto a certainextent by increasingthe
offeredloadin the network to . As expectedin accordancevith the above given
argumentsfFigurellshavsthattherequiredcapacityfor thelB NAC is independentf and
thattherequiredcapacityfor the LB, ILB, ILB/ELB, andBBB NAC follow the trendof the
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averagepathlength.

The IB/EB NAC is anexceptionandthe explanationfor its behaior givesinsightinto its
increaseof ef®ciengy comparedvith thelB NAC. We take insteadof adimensioned
capacity in ourroughcalculations.For the IB NAC, we geta requiredoverall capacityof

. For the IB/EB NAC thereis
anupperboundontherequiredcapacity , Which
is alsoabout for . As we get the sameresultfor the IB NAC,
we concludethat the differencein the requiredcapacitybetweenlB NAC andIB/EB NAC
comesfrom the useof the Simplex algorithmin the dimensioningmethod. The application
of both IBs and EBs avoids multiple capacityallocationon a singlelink for traf®c with the
samedestination.The ef®cieng/ of that mechanismslependon the network topology[27].
But thereis anotherreasorfor the decreas®f the requiredcapacityfor heterogeneousaf®c

matrices We denotehe averageofferedloadpernodeby — andassumehat — nodes
have anofferedload of andthat— nodeshave anofferedloadof —. Therestriction
of thelBsandEBsleadsto — — b2baggregateshatcansendor receve atmost
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traf®c andto — — aggreateswith anofferedloadof atmost—. This
reduceghe upperboundto - . This explainswhy therequiredcapacity

for thelB/EB NAC reducedor increasingabsolutevaluesof . Theeffectis notsymmetricin
accordingo Figurell becauseve obsereit with asuperpositiorof thefactthattheaverage
of the pathlengthsweightedby thetraf®c volumereduceswith increasing .

After all, thetraf®c matrix hasonly a minor impacton the NAC performancen realistic
networking scenariosj.e. for and for . The effectsare mainly dueto the
modi®edaverageof the pathlengthweightedby the traf®c volume. The IB/EB NAC is an
exceptionfrom thatrule andthis consideratioried to a deepermunderstandin@f thatmecha-
nism. For future experimentswye learnthatthe choiceof the traf®c matrix is not socrucial if
theef®cieng/ of a NAC methodis evaluated.

4.4 Influence of the Routing

In the secondpartof this work we testthe in uence of therouting onthe NAC performance.
In the pursuitof robust and self-healingnetworks, multi-path (MP) routing is consideredas
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an alternatve to corventionalsingle-pathrouting sinceif one pathfails othersmay still be
running. For our studywe useOSPF[28]. It takeseithera single shortestpathfor paclet
forwardingor + if the EqualCostMulti-Path (ECMP) optionis setxt it distributesthe traf®c
loaduniformly overall outgoinginterfacedeadingto apathof shortestength. Althoughthere
may be solutionshaving un-equalcostMP and more MP thanECMR, we contentourseles
with this simple representanbf MP routing. In additionto our test network, we usethe
COST239network which is depictedin Figure 12 [29]. With routers,
bidirectionallinks, andanaveragepathlengthof 1.43hopsit is smallerthanthe testnetwork
andit hasmultiple shortespathsfor mary source-destinatiopairs
Figuresl3z14illustratetheperformancef differentNAC typesin thetestnetwork andthe
COST23%Metwork for SPandMP routing dependingon the offeredtraf®c. In both caseghe
performancef thelB NAC andtheBBB NAC areidentical. Thesesudgetsaredimensioned
independentlyf theroutinginformation (cf. Equation(16) andEquation(21)). The
resultingrequiredbudgetcapacityinducescapacitydemand®nthelinks towardsary possible
destinationcf. Equation(20) andEquation(23)) wherebythe capacitydemands distributed
only alongshortestpaths. Therefore this doesnot affect the overall requiredcapacityof the
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Figure12: Topologyof the COST239Metwork.

network. Accordingto Equation(16), the capacityof the EBsis notin uencedby therouting,
either but in bothnetworkswe obsenre for theIB/EB NAC aresourcauitilizationincreasedy
3 percenpointsdueto MP routing. ThelB/EB NAC allowsfor a e xible useof thebandwidth
by various o ws that can not be active simultaneouslydue NAC limitations. By using MP
routing,theseso ws sharethe capacityof commonlyusedlinks insteadof requiringtheir full
rateon thelinks of their own singleshortespath,which reducegsherequiredbandwidth.

The performanceof the LB NAC is hardly reducedwith MP routing comparedto SP
routing. In the testnetwork, the resourceutilization of the ILB/ELB NAC suffers 4 percent
pointsandthe ILB NAC suffers 6 percentpointsat a load of . In the COST239
network, the performanceof the ILB/ELB NAC degradesby 7 percentpoints down to the
performancef the BBB NAC, i.e. the advantageof this approacht theincreaseditilization
without resenation statest is lost. With MP routing the ILB NAC becomesven slightly
worsethanthe BBB NAC. In all casesthenegativeimpactof MP routingontheperformance
decreasewith increasingofferedload.

Hence the performanceof all NAC methodsbasedon link budgetsis adwerselyaffected
by MP routing. TheseNAC approachegake theroutinginformation for thecompu-
tation of the offeredload of the budgetsinto account(cf. Equation(13), Equation(26), and
Equation(27)). If MP routing leadsto a more equaltraf®c distribution, the LBs cannot be
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Figurel3: Impactof theroutingontheresourcautilizationin thetestnetwork.

dimensionedas ef®ciently aswith SP routing whenthe traf®c concentrate®n a few links.
However, accordingto theresults,this hashardly any impactfor the LB NAC with MP rout-

ing. We considerthe ILB andILB/ELB NAC. The offeredload inducedby a single source
or destinationis spreadout over signi®cantlymorelinks thanwith SProuting. This leadsto
alowertraf®c concentratiorior and andyieldsaworseutilization of
thesebudgets.In the COST23Metwork this effectis sostrongthat ECMP routing makesthe

ILB NAC lessef®cientthanthe BBB NAC.

The effectsillustratedin this study shav that the choiceof SP or MP routing hassome
impacton the NAC performance We usedECMP for our experimentsut the effectswill be
moredistinctwhenMP routingis enforcedoy takingmorethanjustadditionalshortespathsf
available. A future network architectureshouldavoid the combinationof componentshatdo
notplay well togetherif ahighresourcautilizationis desired.Sucha disadwantageousombi-
nationwould be,e.g.,local bandwidthbrokersatthe borderrouterst working essentiallylike
thelLB NAC £ andMP routing.
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5 Conclusion

We distinguishedetweenink admissiorcontrol(LAC) andnetworkadmissiorcontrol(NAC).
LAC limits thenumberof o wsonasinglelink to assuregheir QoSrequirementsvhile NAC
limits thenumberof o wsin anetwork. We presentedour basicNAC methodsthelink bud-
get(LB) basedNAC, the borderto-border(b2b) budget(BBB) basedNAC, which consistof
virtual tunnels,theingressandegressbudget(IB/EB) basedNAC, known from the Differen-
tiated Servicescontext, andthe ingressand egresslink budget(ILB/ELB) basedNAC. The
ILB/ELB NAC is anew conceptandworkslik e local bandwidthbrokersat theborderrouters.
Many researctprojectsimplementadmissioncontrol (AC) schemeshat canbe classi®edoy
thesecategories.

For eachNAC method,we dimensionedhe capacityof samplenetworks to meeta de-
sired blocking probability in presenceof a given trai®c matrix. The NAC typesrevealeda
signi®cantlydifferentresourcesf®ciencgy which is mainly dueto their ability for taking ad-
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vantageof economyof scale. The LB NAC exhibits the bestresourceutilization, followed
by theILB/ELB NAC, thelLB NAC, andthe BBB NAC. They all achieve aresourcautiliza-
tion closeto 100%if the offeredtraf®c loadis suf®ciently high. ThelB andIB/EB NAC are
lesseconomicwith aresourceef®ciengy in the orderof 10 to 30%. In this studywe concen-
tratedontheimpactof thetraf®c matrixandtheroutingon theresourcesf®ciengy of theNAC
methods.

Thevariationin the traf®c matrix in uencesthe averageof the pathlengthsweightedby
thetraf®c volume,andtherequiredcapacityfor mostNAC approache®llowsthistrend.The
requiredcapacityof thelB NAC is independentf thetraf®c matrix + aslongasit is constant:
andthelB/EB NAC takesadwantageof skewedtraf®c matriceso reduceheneededesources.
The considerationglsoled to a deepemunderstandingf the NAC methods.In addition,we
learnedthat the resourceutilization resultsare ratherrobust againstvariationsin the traf®c
matrix which simpli®esfuture experiments.

The secondpartof theinvestigationshavedthe dependeng of the NAC performanceon
theroutingmechanismTheresourcesf®ciengy of thelB andtheBBB NAC is independenof
theroutingandtheresourceef®ciengy of thelB/EB NAC pro®tsfrom multi-path(MP) routing
comparedo single-path(SP)routing. TheLB NAC suffershardlyfrom MP routingwhile the
resourceutilization of the ILB andILB/ELB NAC is signi®cantlyreducedo suchan extent
thatthe LB NAC loosesdts superiorityto the BBB NAC.

Hence,the new ILB andILB/ELB NAC methodsare very appealingbecausehey are
statelessonceptawith a clearly higherresourceef®cieng/ thanthe BBB NAC in caseof SP
routing but they shouldnotbe usedin combinatiorwith MP routing.

Anotherchallengen future networksis theintegrationof resiliencerequirementsn QoS
real-timenetworks. To maintainthe connecwity in caseof local network outagesrerouting
is used.With somemodi®cationof ourapproachwe computeherequiredoackupcapacities
to presere QoS[30]. This leadsto new optimizationobjectvessincebackupcapacitiesare
costly.
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